Human p53 was expressed in E. coli, puri®ed, labeled with¯uorescein iodoacetamide (IAF) and characterized for sequence-speci®c DNA binding and epitope disposition. Injected into the cytoplasm or nuclei of 3T3 cells IAF-p53 was imported into or exported from nuclei within minutes. Import was inhibited by coinjection of the lectin wheat germ agglutinine (WGA). In contrast, the peptide-protein conjugate NLS-HSA carrying the nuclear localization sequence (NLS) of the SV40 T antigen was only imported but not exported. 3T3 polykaryons were injected with IAF-p53 and photobleached by Scanning Microphotolysis in such a manner that only a single nucleus per polykaryon remained nonbleached. IAF-p53 was found to migrate rapidly (halftime *10 min) from non-bleached into bleached nuclei, while NLS-HSA did not. In digitonin permeabilized cells IAF-p53 was imported into nuclei. When removed from the medium after nuclear accumulation IAF-p53 was exported from the nuclei. Nuclear import and export of IAF-p53 both were rapid (halftimes of a few minutes, 228C) and strongly inhibited by WGA or incubation on ice. NLS-HSA was only imported but not exported. We conclude that the nucleocytoplasmic transport of p53, in contrast to that of NLS-HSA, is bidirectional and that transport in both directions is carrier mediated and energy dependent. These results suggest that p53 contains nuclear export signals (NES) in addition to import signals (NLS) and thus open new views on the potential regulation of p53 cellular fractions.
Introduction
p53 assumes a central role in cellular responses to DNA damage such as cell cycle arrest or apoptosis (for recent reviews, see Donehower and Bradley, 1993; Levine, 1993; Prives, 1994; Ozbun and Butel, 1995; Haner and Oren, 1995) . Furthermore, mutant forms of p53 are found in a majority of cancer cells, especially those of breast, lung, liver and colon tumors. For these and other reasons p53 has been highlighted as`guardian of the genome' (Lane, 1992) and, also due to its property as a tumor suppressor, is currently one of the most intensively studied cellular proteins.
Well-de®ned functions of p53 such as speci®c DNA binding and transcriptional regulation of proteins such as CIP1/WAF1 (El-Deiry et al., 1993) , MDR1 (Chin et al., 1992; Zastawny et al., 1993) or GADD45 (Zhan et al., 1993 ) require p53 to reside in the nucleus. In fact, a major and two minor nuclear localization sequences (NLS) have been described to occur in the C-terminus of p53 (Dang and Lee, 1989; Addison et al., 1990; Shaulsky et al., 1990b) . When fused to cytoplasmic or prokaryotic proteins NLSI conferred nuclear location to the fusion proteins. Mutation of the central lysines to threonine of the three NLSs partially interferred with nuclear localization of p53. In spite of this there are many p53 proteins which contain an intact NLS and yet reside in the cytoplasm (Rotter et al., 1983; Hinds et al., 1987; Gannon and Lane, 1991; Ginsberg et al., 1991; Martinez et al., 1991; Slingerland et al., 1993) . It thus appears that, in addition to the NLSs, other factors determine the steady-state subcellular localization of p53.
In the present study the nucleocytoplasmic transport of puri®ed p53 was analysed in single 3T3 cells by quantitative laser¯uorescence microscopy. Comparing the intracellular transport of p53 with that of appropriate reference molecules for nuclear envelope integrity and for the`classical' NLS-mediated protein import pathway we found that p53 was both imported into and exported from nuclei. Both transport processes were fast, energy-dependent and could be inhibited by wheat germ agglutinine (WGA) which is a well known and frequently used inhibitor of nuclear protein import Dabauvalle et al., 1988) . Since NLS-HSA was only imported but not exported we assume that p53 contains special signals for nuclear export (NES), in addition to those for import (NLS) . Furthermore, since the import/export of p53 was faster than its metabolic turnover reported to be 20 ± 40 min at 378C for the wild type and 52 h for mutant p53 (Oren et al., 1981; Reich et al., 1983; Reich and Levine, 1984; Calabretta et al., 1986 ) it may be a major determinant of the subcellular steadystate distribution of p53 and thus its cellular functions.
Results
Preparation of¯uorescently labeled p53 and its characterization for sequence-speci®c DNA binding and epitope disposition
Human p53 cDNA was fused at its amino terminus with a histidine tag, a short oligonucleotide coding for a contiguous stretch of six histidine residues. Integrated into a inducable plasmid the histidine-tagged p53 was expressed in E. coli and isolated on a nickel column. About 8 mg of p53 were obtained per liter of culture medium. The isolated p53 was incubated with very small concentrations of the sulphhydryl-reactive fluorochrome IAF and isolated on a sephadex column. Altogether the procedure resulted in a 80 ± 90% pure, uorescently labeled p53 preparation (Figure 1) . IAF-p53 was tested for speci®c DNA binding by a gel shift assay (Figure 2 ). It was found that IAF-p53 did initially not bind an oligonucleotide representing the p53 consensus. Speci®c binding was induced, however, by incubation of p53 with the antibody PAb421. Thus, our p53 preparation faithfully reproduced the behavior of non-labeled, E. coli expressed p53 as described by Hupp et al. (1992) .
The conformation of IAF-p53 was studied by immunoprecipitation (not shown). It was found that IAF-p53 reacted with both PAb1620 and PAb240. These are conformation sensitive antibodies reacting with wild type human p53 only in its native (PAb1620) or denatured (PAb240) form. At equal reaction conditions precipitation with PAb1620 and PAb420 yielded approximately equally intensive bands on SDS ± PAGE gels. Considering that PAb1620 is known as a weakly binding antibody (Ozbun and Butel, 1995) one may therefore assume that our p53 preparation represented a mixed population containing at least 50% native p53. Such results are common with recombinant p53 isolated from bacteria or insect cells, even if isolation procedures are kept as mild as possible (W Deppert, personal communication).
Texas Red labeled dextran and a conjugate of human serum albumin and a synthetic nuclear localization sequence as reference molecules
In this study the intracellular transport of IAF-p53 was compared with that of two reference molecules, Texas Red (TR)-dextran and NLS-HSA, a conjugate of human serum albumin with a synthetic peptide corresponding to the NLS of the SV40 T antigen. The 70 kDa TR-dextran was always coinjected or coincubated with IAF-p53 or NLS-HSA. Its red uorescence diered largely from the green one of uorescein and thus could be imaged independently of and simultaneously with that of IAF-p53 or NLS-HSA. Large dextrans distribute rather evenly in cytoplasm or nucleus but cannot permeate the nuclear envelope (Peters, 1984) . Therefore, TR-dextran was used in microinjection experiments as an indicator of the cellular compartment(s) injected and the relative amount of injection¯uid delivered. In nuclear injections TR-dextran was used to make sure that the nuclear envelope resealed after the injection and that Figure 2 Sequence-speci®c DNA binding of bacterially expressed,¯uorescently labeled p53. Gel mobility supershift assay according to Hupp et al. (1992) showing that IAF-p53 was in the latent state which could be activated by reaction with the antibody PAb421 (positive prints of SDS gel autoradiographiec). (a) It can be recognized that the p53-consensus sequence was only complexed by IAF-p53 when the anti-p53-antibody PAb421 was present (lanes 4 ± 6). In all of the lanes the sample contained 2 ng 32 P-labeled p53 consensus sequence (see Materials and methods) and 1 mg poly (dI-dC (Goldfarb et al., 1986) have served in numerous studies as substrates for nuclear import studies. Their transport characteristics are thought to re¯ect those of the`classical' NLSdependent import pathway.
Nucleocytoplasmic transport of IAF-p53 and NLS-HSA in microinjected 3T3 cells
A mixture of IAF-p53 and TR-dextran was injected into the cytoplasm or nuclei of normal mononucleated 3T3 cells or 3T3 polykaryons. The subcellular distributions of the two molecular species were monitored simultaneously by dual channel confocal uorescence microscopy. In confocal scans the fluorescence of p53 appeared to be rather weak because imaging had to be done with the same long distance, low aperture objective required for injection. Nevertheless, it could clearly be recognized ( Figure 3A and B) that cytoplasmically injected p53 was taken up by the nuclei. This process appeared to be very fast because an equilibration of¯uorescence between cytoplasm and nucleus was apparent even in the ®rst images acquired only approximately 3 min after injection. Nuclear import was blocked when WGA was coinjected with IAF-p53 ( Figure 3C and D). We regard this observation also as evidence for the absence of p53 degradation under current condition. If IAFp53 had been degraded to a noteworthy extent during the observation time released peptides could presumably have distributed over the whole cell and also entered the nucleus by diusion. The metabolic turnover of endogenous p53 is fast amounting to 20 ± 40 min. In the present case, however, experiments were conducted at a lower (228C) than physiological (378C) temperature. Also, the injected amount of IAFp53 was much larger than the physiological one of endogeneous p53 thus possibly saturating the degradation apparatus. Injected into the nucleus p53 was rapidly exported ( Figure 3A and B) .
Analogous experiments with NLS-HSA are shown in Figure 4 . NLS-HSA was imported into cell nuclei after cytoplasmic injection. However, no indications of export could be detected after nuclear injection ( Figure 4A and B). Coinjection of WGA ( Figure 4C and D) perfectly blocked nuclear import.
Nucleocytoplasmic shuttling of p53 as analysed by SCAMP SCAMP ) is a combination of uorescence microphotolysis (Peters et al., 1974) with confocal laser scanning microscopy. By means of a fast optical shutter the laser beam of a confocal microscope is switched on and o during scanning according to a freely programmable image mask. As a result areas of almost arbitrary geometry, size and number can be photolysed. The dissipation of the photolysis pattern can be followed by repetitive confocal imaging. So far SCAMP has been used for measurements of lateral diusion (Kubitscheck et al., 1994), cytoskeleton dynamics (Schmidt et al., 1994) and transport through single transmembrane pores (TschoÈ drich- Rotter et al., 1996) . Here, it is applied for the ®rst time to nucleocytoplasmic transport.
IAF-p53 or NLS-HSA was injected into the cytoplasm of 3T3 polykaryons. Polykaryons were incubated for at least 1 h allowing nuclear transport TR-dextran to reach an equilibrium. A confocal image was acquired of one of the injected polykaryons. That image was used to construct an image mask which spared one nucleus per polykaryon. Then, photobleaching was performed with the result that the cytoplasm and all nuclei except one were depleted of uorescence. Subsequently several confocal images were acquired to monitor the redistribution of uorescence among nuclei. A representative example of an experiment involving IAF-p53 is given in Figure 5A . The polykaryon happened to have three nuclei. After cytoplasmic injection of IAF-p53 and an appropriate incubation time the nuclei were approximately equally¯uorescent. The photobleaching step can clearly be recognized in the second image of the series. It depleted two of the nuclei of¯uorescence. With time, however, the bleached nuclei regained while the non-bleached nucleus lost¯uorescence. Eventually, the nuclei were again about equally¯uorescent although at lower than the initial level. This indicated that IAF-p53 was exported from the non-bleached nucleus into the An analogous experiment involving NLS-HSA is shown in Figure 5B . Here, a redistribution of uorescence between nuclei was not observed, indicating the absence of nuclear export and reimport.
The quantitation of the SCAMP measurements is shown in Figure 6 . Using the confocal images of Figure 5 relative¯uorescence intensities were measured in nuclei and cytoplasm as described in Materials and methods, and plotted versus time. For IAF-p53 ( Figure  6A ) the¯uorescence of the non-bleached nucleus decreased with a halftime of roughly 10 min reaching eventually an equilibrium level at about 2/3 of the initial¯uorescence dierence. Conversely, the fluorescence of the bleached nuclei increased with time to approximately the same equilibrium level as that of the non-bleached nucleus. The¯uorescence of the cytoplasm decreased slightly with time. This result is exactly that to be expected for the case of free nucleocytoplasmic shuttling in a cell with three nuclei. Similar experiments were performed with altogether 10 polykaryons. Although the details of the kinetics depended on geometrical parameters such as number and size of the nuclei per polykaryon, they all supported the conclusion that p53 can rapidly shuttle between nuclei and cytoplasm.
The quantitation of the SCAMP measurement involving NLS-HSA is given in Figure 6B . At ®rst sight it may appear surprising that the¯uorescence of all cellular compartment ± non-bleached nucleus, bleached nuclei, cytoplasm ± increased slightly after photobleaching. However, going back to Figure 5B one notes that the polykaryon became markedly smaller during the observation time of 50 min. Apparently it partially detached from the cover slip and shrank. Thus, the slight parallel increase of¯uorescence can be attributed to a rise in concentration of NLS-HSA in all cellular compartments, and shows that NLS-HSA, in contrast to IAF-p53, could not leave the non-bleached nucleus and redistribute in the cell.
Kinetics of nuclear import and export in permeabilized 3T3 cells
In nuclear import studies the use of semi-intact cells in which the plasma membrane has been permeabilized by digitonin treatment (Adam et al., 1990) or removed mechanically Jans et al., 1991; Walaschewski et al., 1995) permits better control of components and conditions than microinjection of intact cells does. In our version of the method semiintact cells are incubated with a¯uorescent transport substrate and nuclear import is followed directly by confocal imaging, i.e. in the presence of transport substrate and without washing and/or ®xation of the cells. Here we used the digitonin permeabilization method of Adam et al. (1990) for nuclear import measurements and extended it to nuclear export. For the latter purpose cells were permeabilized and incubated with a¯uorescent transport substrate until nuclear accumulation had reached an equilibrium. Then, the medium was changed removing thē uorescent transport substrate and, in some experiments, replacing it by non-labeled substrate. Finally, a microscopic specimen was quickly prepared and export followed by repetitive confocal imaging. Confocal scans were evaluated for nuclear and extranuclear¯uorescence to obtain the kinetics of both import and export. Employing this scheme we found it critical to control each single nucleus for nuclear envelope integrity. As in microinjection experiments this control was provided by using a mixture of transport substrate and TR-dextran and employing dual-channel confocal imaging. Thus, damaged nuclei could be easily identi®ed and discarded by their leakiness for TR-dextran. The fraction of damaged nuclei was quite variable and dicult to control, especially in export measurements involving longer times than import measurement. In all experiments the medium contained reticulocyte lysate and an ATP regenerating system. By gel electrophoreses we checked that incubation with complete medium would not degrade IAF-p53 to any noticeable degree within 4 h at room temperature.
The nuclear import and export of IAF-p53 in permeabilized cells is shown on a qualitative level in Figure 7 . Each line of Figure 7 pertains to a dierent experimental condition while the three images comprising a line show (i) the distribution of IAF-p53 at the beginning of the experiment, (ii) the distribution of IAF-p53 at the end of the experiment, and (iii) the distribution of TR-dextran at the end of the experiment. In the TR-dextran image intact nuclei, excluding the dextran, appear virtually black whereas damaged nuclei are much lighter approaching the gray Figure 6 Kinetics of nucleo cytoplasmic shuttling of (A) IAFp53 and (B) NLS-HSA. Figure 5 was evaluated for the relativē uorescence intensities of nuclei and cytoplasm which represents the relative¯uorescence intensities of (&), the non-bleached nucleus, (*), that of photobleached nuclei (mean value of the two nuclei), and (~) that of the cytoplasm level of the medium. It can also be recognized that damaged nuclei accumulated some IAF-p53 although much less than intact nuclei. The quantitative evaluation showed that the nucleocytoplasmic fluorescence ratio f(n/c) after 36 min of incubation with IAFp53 was 11 ± 12 for intact but 3 ± 4 for damaged nuclei. We assume that the latter value re¯ects unspeci®c binding of IAF-p53 in the nucleus. Nuclear import of IAF-p53 (A) is seen to be inhibited by WGA (B) and incubation on ice (C). Similarly, nuclear export of IAFp53 (D) was inhibited by WGA (E) and incubation on ice (F).
An analogous series of experiments with NLS-HSA is shown in Figure 8 . As in the case of IAF-p53 the nuclear import of NLS-HSA (A) was strongly inhibited by WGA (B) and incubation on ice (C). In contrast to IAF-p53, however, NLS-HSA was not exported from nuclei (D) after it was once accumulated.
The quantitation of measurements such as shown in Figures 7 and 8 is given in Figure 9 . Here (A) and (B) represent the import and export of IAF-p53 while (C) and (D) pertain to the import and export of NLS-HSA. The transport kinetics con®rm the general conclusions drawn already on the basis of Figures 7 and 8. In addition they yield further clues. It can be recognized, for instance, that inhibition by incubation on ice was not complete for both import and export
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Nuclear import and export of p53 G Middeler et al of IAF-p53 and for import of NLS-HSA. This can be largely attributed to the circumstance that the sample had quickly to be brought to room temperature for imaging and cooled down afterwards. When a sample which had been studied on ice was subsequently observed at room temperature rapid nuclear import was seen. The inhibition by WGA was virtually complete in the case of NLS-BSA but ca. 80 ± 90% in the case of IAF-p53. We assume that this was due to the dierent purity of the preparation being &100% with NLS-HSA and 80 ± 90% with IAF-p53. Interestingly, the import of IAF-p53 quickly approached an equilibrium while that of NLS-HSA was virtually linear during the measuring time of 40 min. Export of IAF-p53 was markedly slower than its import. We roughly estimate the halftime of import and export to be in the range of some minutes, the halftime of import being several times shorter than that of export. These observations are perfectly consistent with the notion that IAF-p53 is both imported and exported while NLS-HSA is only imported. Bidirectional transport, in the presence of transport substrate in the medium, will readily lead to an equilibrium between import and export. In contrast, undirectional transport can proceed quasi linearly for a long time (until ®nally an equilibrium is reached in that case also).
Discussion
Employing quantitative laser microscopic methods including the recently developed Scanning Microphotolysis the study showed that¯uorescently labeled p53 which had been introduced into intact or permeabilized 3T3 cells was able to shuttle rapidly between cytoplasm and nucleus. In contrast, NLS-HSA, a protein carrying the NLS of the SV40 T antigen and thus representing the`classical' pathway of nuclear protein import, was only imported but not exported. The kinetics of nuclear import and export of p53 could be measured separately and both were found to depend strongly on temperature. Furthermore, import and export could be inhibited by WGA. We therefore conclude that the export of p53 is a carrier mediated, apparently active, i.e. energy consuming process, as is its import.
It is known since the pioneering nuclear transplantation studies of Goldstein (1958) that many nuclear proteins can shuttle between nucleus and cytoplasm. Speci®cally, nucleo cytoplasmic shuttling was shown for certain nucleolar proteins (Borer et al., 1989; Meier and Blobel, 1992) , two Xenopus heat shock proteins (Mandell and Feldherr, 1990) , the progesteron receptor (Guichon-Mantell et al., 1991) and pre-mRNA binding proteins (Pinol-Roma and Dreyfuss, 1992) . In all those cases shuttling occurred on a time scale of hours to days. In comparison, the nuclear import and export of p53 is exceptionally fast and therefore suited to play a role in short term regulation.
The import of large proteins from the cytoplasm into the nucleus has been intensively studied (for review, see Melchior and Gerace, 1995; Hicks and Raikhel, 1995; GoÈ rlich and Mattaj, 1996) . It occurs via the nuclear pore complex and is a multistep process requiring nuclear localization sequences, metabolic energy, and several transport factors such as importin and the G-protein RAN/TC4. Nuclear protein export, in contrast, has been studied much less extensively, mainly because of technical diculties. Dierent and partially contradictory suggestions have been made for the mechanisms of nuclear protein export. Thus, the progesteron receptor is thought to enter the nucleus by an active process but to leave it by diusion (Guiochon-Mantel et al., 1991) . Nevertheless, a NLS of the SV40 T antigen type was found to be necessary and sucient for nuclear export (Guichon-Mantel et al., 1994) . Schmidt-Zachmann et al. (1993) , on the other hand, concluded that a NLS was not required for nuclear protein export. However, export was reduced at low temperature and thus appeared to depend on metabolic energy. Only very recently, it was observed that the rapid and temperature-dependent nuclear export of proteins such as the protein kinase inhibitor (Wen et al., 1995) and HIV-1 Rev protein (Fischer et al., 1995) requires distinct nuclear export sequences (NES). These NES consist of 9 ± 10 predominantly hydrophobic amino acid residues and show no homology to any known NLS. In the A1 protein of hnRNPs a somewhat longer sequence (38 residues) was identi®ed (Michael et al., 1995) which conferred both nuclear import and export. NLS and NES seem to be interdigitated in this case and not separable from each other.
It is generally accepted that three small clusters of predominantly basic amino acids, the residues 316 ± 322, 369 ± 375 and 379 ± 384, confer nuclear localization to p53 (Dang and Lee, 1989; Addison et al., 1990; Shaulsky et al., 1990b) . These clusters are closely homologous to the NLS of the SV40 T antigen (Kalderon et al., 1984) . We found that the SV40 T antigen NLS, when attached to HSA, was able to induce nuclear import but not export. It would appear therefore that the NLS contained in p53 can induce the import but not export of p53 and that additional signal sequences responsible for nuclear export must occur in p53.
That exogeneous p53 can rapidly shuttle between nucleus and cytoplasm, as we have shown in this paper, does not necessarily mean that endogeneous p53 does so in vivo. p53 can interact with various cellular proteins and also with a number of viral oncoproteins (for review, see Ozbun and Butel, 1995) . These interactions may not only in¯uence biochemical properties of p53 but also its subcellular distribution. In the present study p53 concentrations were employed exceeding naturally occurring levels. Thus, any binding might have been titrated and made irrelevant. Nevertheless, it is well documented that even endogeneous p53 can rapidly change its subcellular distribution. During the cell cycle p53 resides for most of the time in the cytoplasm and is found in the cell nucleus only for a short time span during maximal DNA synthesis (Shaulsky et al., 1990a; Takahashi and Suzuki, 1994) . Similarly, in response to DNA damaging agents p53 is rapidly transferred from the cytoplasm to the nucleus (Fritsche et al., 1993; Clarke et al., 1993; Lowe et al., 1993) . In the light of our experiments this suggests that the nuclear import and export of p53 can be regulated independently of each other resulting in fast changes of the intracellular steady state distribution.
Provided endogeneous p53 would shuttle rapidly between cytoplasm and nucleus, what might be the functional consequences? Most intriguingly perhaps, rapid shuttling could provide a feedback loop between nucleus and cytoplasm. For instance, phosphorylation of p53 at residue S 315 by cyclin-dependent kinases markedly stimulates its sequence-speci®c DNA binding, causes a conformational change and also confers binding-site preference to p53 (Bischo et al., 1990; Wang and Prives, 1995) . Thus, if p53 would be phosphorylated in the cytoplasm according to the actual needs of the cell it could carry that information into the nucleus and regulate transcription accordingly. Analogous schemes could be proposed for the role of p53 in replication and for its other proved or suspected functions.
Thus, our results give rise to a number of important questions. Are nuclear import and export of p53 based on dierent signals, factors and pathways or are some components shared? How are nuclear import and export of p53 regulated? And are they regulated independently of each other? Does p53 rapidly shuttle between cytoplasm and nucleus in vivo? Is shuttling used to regulate p53 functions in vivo? Whatever the answers to these questions it will be the present paper that provides a starting point for attacking them.
Materials and methods

Preparation, labeling and characterization of p53
For high-level expression of p53 in E. coli we used the QIAexpress system (QIAGEN Inc., Chatsworth, CA, USA; DIAGEN GmbH, Hilden, Germany). The p53 gene was cut from pRK53wt (a gift from Jim Bischo, Cold Spring Harbor Laboratory) and recloned onto the pQE9 vector (QIAGEN). The resulting expression vector pQE9 53wt contained an optimized 6xHis anity tag coding sequence. The transcription was controlled with E. coli phage T5 promoter and two lac operator sequences.
The E. coli strain M15 containing the pQE9 53wt expression plasmid and pREP4 repressor plasmid was used for the production of recombinant p53. The E. coli M15 (pREP4) with pQE9 53wt was incubated in 2YT medium on a shaking platform at 150 r.p.m. at 218C until the bacteria reached an OD 600 of 0.2 ± 0.4. At this OD 600 the T5 promoter was induced by adding 160 mM IPTG, and the bacteria were incubated for another 18 h. The expressed p53 contained a 6xHIS tag at the N-terminus allowing to isolate the protein by nickel-nitrilo-tri-acetic acid (Ni-NTA) anity chromatography according to the standard protocol for native puri®cation of cytoplasmic proteins (QIAGEN). Fractions containing p53 were pooled, dialysed against 50 mM sodium phosphate pH 8.0, 300 mM NaCl, 2 mM DTT using collodion membranes (UltrahuÈ lsen, Schleicher & Schuell, Dassel, Germany) with a cuto of 25 kDa, and ®nally concentrated to 1 ± 10 mg/ml.
For¯uorescence labeling of p53 a sevenfold molar excess of 5-iodoacetamido¯uorescein (IAF) was added. The mixture was reacted for 1 h at room temperature in the dark. Then the p53-IAF was separated from excess dye by a Sephadex G-25 column (Pharmacia, Sweden) with 50 mM sodium phosphate, pH 8.0, 300 mM NaCl 2 mM DTT. The protein was stored in small aliquots at 7708C. The labeled p53 was identi®ed with SDS ± PAGE stained with Coomassie blue, Western blotting, ELISA, and immunoprecipitation using the antibodies PAb421 (a kind gift of Dr W Deppert, Hamburg, Germany), PAb1620 and PAb420 (Dianova GmbH, Hamburg).
Fluorescently labeled p53 (IAF-p53) was tested for sequence-speci®c DNA binding by a gel mobility supershift assay using p53 consensus sequence 5'-GAA CAT GTC TAA GCA TGC TG-3' as binding motif, and p53 mutant sequence 5'-GAA TCG CTC TAA GCA TGC TG-3' as negative control (Santa Cruz Biotechnology, Inc.). The assay conditions were similar to those described by Hupp et al. (1992) and Santa Cruz Biotechnology, Inc. In short, the binding reaction mixture (20 ml) contained 0.5 ± 2 ng 32 Plabeled DNA, 50 ng protein, 50 ± 200 ng antibody and 1 mg of poly(dI-dC) in DNA binding buer (20% glycerol, 25 mM HEPES, 50 mM CaCl, 0.5 mg/ml BSA, 0.1% NP40, pH 7.8). IAF-p53 was preincubated with 5 mM DTT for 20 min at room temperature prior to incubation with the target DNA plus poly(dI-dC) competitor DNA. After incubation for 30 min at room temperature the reaction products were loaded onto 4% polyacrylamide gel containing 0.336Tris-borate-EDTA, and 0.1% Triton X 100 which had undergone pre-electrophoresis at 100 V for 30 min at 78C. The samples were electrophoresed at 200 V at 78C. The gel was dried and exposed to X-ray ®lm.
Preparation of NLS-HSA
Human serum albumin (HSA, Calbiochem) was fluorescently labeled with¯uorescein isothiocyanate (FITC, Sigma) and conjugated with a signal peptide representing the nuclear localization signal of the SV40 T antigen (NLS peptide: Cys-Gly-Tyr-Gly-Pro-Lys-Lys-Lys-Arg-Lys-ValGly-Gly, Bachem Biochemica GmbH, Heidelberg, Germany) according to the procedure of Newmeyer and Wilson (1991) .
Cell culture and fusion
3T3 cells were cultured in Dulbecco's minimum essential medium (Boehringer, Mannheim, Germany) at 378C, 5% CO 2 and passaged every three days. For transport measurements, cells were used 24 ± 48 h after seeding on coverslips. Cells were fused to polykaryons by treatment with polyethylene glycol as described previously (Lang et al., 1986) .
Microinjection and observation of nucleocytoplasmic transport
For microinjection coverslips with non-fused or fused 3T3 cells were placed in a medium-containing petri dish with a very thin bottom (Petriperm, Heraeus). The petri dish was placed on the stage of an inverted laser scanning microscope (LSM 410, Zeiss, Jena, Germany) and cells were visualized using a 406, NA 0.6 phase contrast objective lens. Cells were injected using the micromanipulator 5171 and the transjector 5246 of Eppendorf (Hamburg, Germany). The injection solution always contained a¯uorescent transport substrate (p53 or NLS-HSA) and a Texas Red labeled 70 kDa dextran (TRdextran, Molecular Probes). TR-dextran, which cannot permeate through the nuclear envelope, was used to visualize the intracellular injection site (cytoplasm or nucleus) and to monitor nuclear envelope integrity. Concentrations in the injection buer (48 mM K 2 HPO 4 , 14 mM NaH 2 PO 4 , 45 mM KH 2 PO 4 ) were 0.1 mg/ml for p53 and 1 mg/ml for TR-dextran. In part of the experiments WGA (Boehringer, Mannheim, Germany) was added to the injection solution at a ®nal concentration of 0.2 mg/ml. Cells were then imaged at various times after injection by dual channel detection as described.
Scanning microphotolysis
Instrumentation and methods have been described in detail previously . SCAMP measurements of nucleocytoplasmic shuttling in 3T3 polykaryotic comprised four steps: (i) Cytoplasmic injection and nuclear accumulation; (ii) Imaging of the polykaryon before photolysis (prebleach image). In this image, a window was placed around a single nucleus to select the object region that should be excluded from photobleaching; (iii) Photobleaching of the complete image area except for the selected window; (iv) Aquisition of ®ve to ten confocal images to monitor the time development of thē uorescence pattern. The distribution of the¯uorescence was quanti®ed by measuring the mean¯uorescence in selected areas such as the cell nuclei and the cytoplasmic regions and plotting¯uorescence intensities versus time.
Measurement of nuclear transport kinetics in permeabilized cells by quantitative confocal scanning microscopy Cells were permeabilized with digitonin according to Adam et al. (1990) . Digitonin (Calbiochem, Bad Soden, Germany) was dissolved in DMSO at a concentration of 20 mg/ml and stored in small aliquots at 7208C. This stock solution was diluted in transport buer to yield a ®nal concentration of 50 mg/ml. For cell permeabilization, a coverslip with adhering cells was washed three times with ice cold transport buer (50 mM HEPES/KOH, pH 7.3, 110 mM potassium acetate, 5 mM sodium acetate, 2 mM magnesium acetate, 1 mM EGTA, 2 mM DTT). Then the coverslip was incubated with 1 ml of the digitonin solution for 5 min on ice. After washing, coverslips were mounted upside down on glass slides, using spacers to create a little chamber containing 5 ml transport solution.
The transport solution, i.e. the medium in which cells were immersed for transport measurements, contained the transport substrates (p53 or NLS-HSA), reticulocyte lysate, an ATP-regenerating system, and TR-dextran. Rabbit reticulocyte lysate (Promega, distributed by Serva, Heidelberg, Germany) was dialysed overnight at 48C against transport buer supplemented with 1 mg/ml leupeptin, 1 mg/ml pepstatin and 1 mg/ml aprotinin. Collodion membranes (UltrahuÈ lsen, Schleicher & Schuell, Dassel, Germany) with a cuto of 10 kDa were used as dialysis tubes. After dialysis the protein concentration was adjusted to 120 mg/ml, as determined by the Bradford assay. The lysate was then stored in aliquots at 7708C. The ATP-regenerating system was composed of creatine phosphokinase, creatine phosphate, and ATP. Solutions of creatine phosphate and ATP were freshly prepared in transport buer for each experiment. A solution of creatine phosphokinase in transport buer was stored in small aliquots at 7208C. TR-dextran served as a control for cell nucleus damage. The transport solution consisted from the described components such that ®nal concentrations were 100 mg/ml for the reticulocyte lysate, 2 mM for ATP, 10 mM for creatine phosphate, 80 U/ml for creatine phosphokinase, 200 mg/ml for the TR-dextran and 100 mg/ml for the respective transport substrate.
For inhibition by WGA permeabilized cells were preincubated with 200 mg/ml WGA in transport buer for 20 min at room temperature. Then, the sample was prepared as described above with the addition of 200 mg/ml WGA to the transport solution.
For export measurements, cells were permeabilized, washed, and incubated with transport solution at room temperature in a wet chamber for 30 min (p53) or 60 min (NLS-HSA). After that, cells were washed, and the specimen was prepared as described above with the only dierence, that no transport substrate was added to the transport solution. The ®rst microscopic measurement was performed approximately 3 min after the washing step.
For import and export inhibition on ice permeabilized cells were prepared as described above. The specimens were placed on ice after the ®rst measurement which was taken immediately after the preparation. The glass sides were warmed up shortly with a hair-dryer to prevent moisture before the second and third measurements and were replaced quickly on ice afterwards.
Nucleocytoplasmic transport was quanti®ed by confocal laser scanning microscopy employing the LSM 410 (Zeiss, Jena, Germany) equipped with dual channel detection. A sample was prepared as described above, and was placed on the stage of the inverted microscope. The instrument was focused such that the focal plane coincided with the center of the cell nuclei, employing a 406 oil-immersion objective lens of 1.3 numerical aperture. The depth of focus was adjusted to be 51 mm by means of the variable confocal aperture. The 488 nm line of an argon laser was used for excitation of thē uorescein moiety of the transport substrates, emission was measured in the wavelength range of 510 to 525 nm (green channel). Fluorescence of TR-dextran was excited by the 543 nm line of an He-Ne laser, the respective emission was monitored above 570 nm (red channel). Laser beam powers were adjusted such that photobleaching during image acquisition was negligible. Images were recorded in the green channel at a format of 5126512 pixels at 8 bit dynamic range (256 grey levels) at dierent time points after the sample preparation. Care was taken to adjust the oset and the photomultiplier voltage in such a way that the measured signal was linearly related to the¯uorescence intensity and so that the dynamic range of the instrument was optimally utilized. After the last measurement, an image in the red channel was acquired that clearly showed the intact nuclei as dark shapes, because only the intact nuclei excluded the large TR-dextran. Damaged nuclei were permeable for the dextran as well as for the transport substrate. This image was used to select the intact nuclei for quantitative analysis. The image analysis was performed on dedicated image processing personal computers, utilizing user created software to derive the relative¯uorescence intensities inside intact individual nuclei and in the surrounding medium from the images acquired in the green channel. The software permitted to set multiple windows of arbitrary size and to read the average intensities inside these windows. These relative intensities were corrected for dark current. The corrected intensities were referred to as f(n) for the relative intranuclear uorescence and f(c) for the relative extranuclear fluorescence. From these, the ratio of relative intra-and extracellular¯uorescence, f(n/c), was calculated and plotted as a function of time.
Abbreviations IAF-p53, p53 labeled with iodoacetamide¯uorescein; NES, nuclear export sequence; NLS, nuclear localization sequence; SCAMP, Scanning Microphotolysis; TR-dextran, texas red-labeled 70 kDa dextran.
Note added in proof
In the light of the very recent results on nuclear export signals in retroviral regulatory proteins such as Rev and Rex (Bogerd HP, Fridell RA, Benson RE, Hua J and Cullen BR. (1996) . Mol. Cell. Biol., 16, 4207 ± 4214; Kim FJ, Beeche AA, Hunter JJ, Chin DJ and Hope TJ. (1996) . Mol. Cell. Biol., 16, 5147 ± 5155) we suggest that the nuclear export signal indicated by our results to be contained in p53 is represented by its sequence 340 MFRELNEALELK 351 . In close analogy to typical eector domains of retroviral regulatory proteins the p53 sequence 340 ± 351 comprises a core tetramer LXLX ( 348 LELK 351 ), a leucine residue at position ±4 relative to the core tetramer (L 344 ) and a hydrophobic residue at position ±7 (F 341 ). Remarkably also, the putative nuclear export signal of p53 is evolutionary conserved e.g. among humans, rodents and amphibians.
